ing oncogene" such as c-myc or adenovirus E1A was into culture ("culture shock"). The second class is intrincointroduced with oncogenic Ras. One property of these sic and depends instead upon the machinery that moniimmortalizing oncoproteins is to activate the ARF-Mdm2-tors the integrity of chromosomal telomeres (a potential p53 checkpoint, which senses inappropriate mitogenic "mitotic clock"). We suggest that differences in the prosignals and diverts the cells to undergo p53-dependent liferative capacity of cultured mouse and human cells apoptosis. This surveillance process is imperfect in the reflect the extent to which they respond to these signalsense that overexpression of Myc or E1A selects for ing pathways. damage and checkpoint activation. Cultured MEFs that
tion; such cells are not only resistant to apoptosis but "When mammalian (mouse) cells are placed in culture, also more susceptible to transformation by Ras alone they grow rapidly, often at a rate substantially exceeding (Zindy et al., 1998) . that in the intact animal. However, this growth does not There is no conclusive evidence that the replicative continue indefinitely" (Todaro and Green, 1963) . Their arrest experienced by primary rodent fibroblasts in culproliferative capacity dwindles and eventually ceases, ture depends upon a biologic clock that measures genand the cells express elevated levels of negative cell eration number. Instead, the progressive loss in prolifercycle regulators, including the CDK inhibitors p16 INK4a ative capacity may result from cumulative trauma imposed and p21
Cip1
, the p53 inducer p19 ARF , and p53 itself. Exby tissue culture per se. We have been conditioned to planted mouse embryonic fibroblasts (MEFs) stop dividthink that cell culture is a benign process, but nonphysiing after only 15-30 generations when placed on a 3T3 ologic conditions including disruption of cell-cell conprotocol. This procedure entails plating 3 ϫ 10 5 cells tacts, lack of heterotypic interactions between different (the second "3") in a culture dish, allowing them to excell types, the medium-to-cell ratio, persistent Ras actipand, and then transferring them (T) to a new dish three vation by mitogens, absence of appropriate survival facdays later (the first "3" INK4a expression had no effect on proliferation, whereas dent checkpoints that contribute to senescence (Figure  reconstitution of p19 ARF function led to cell cycle arrest 1). If checkpoint arrest is corrupted by viral oncoproteins (Carnero et al., 2000) . Such observations beg the quesor mutations, cells should continue to proliferate until tion of whether p19 ARF loss might compromise the functhey reach "crisis," a stage at which many chromosomes tions of both p53 and Rb. Whatever the interplay behave undergone telomere erosion and from which only tween the Rb and p53 pathways, it seems evident that rare survivors emerge. Crisis connotes a state of masrodent fibroblasts rely most strongly on the p53 checksive chromosomal instability, resulting from end-to-end point to limit their establishment in culture (Figure 1) .
(Robertsonian) chromosomal fusions, and fusion-bridgeWhat about telomere attrition in immortalized mouse breakage cycles or nondisjunctions during mitosis, leading cells? DNA polymerases function in the 5Ј-to-3Ј direction to genetic catastrophe and cell death. Immortalization may and require both a template and a primer for synthesis, require that human cells solve problems imposed by predicting that the ends of chromosomal DNA are protelomere dysfunction, either by reactivating telomerase gressively shortened over the course of many rounds or by employing an alternative (ALT) recombinational of DNA replication (actually 50-100 bp per cell division). mechanism to maintain telomeres and, hence, chromo-A widely held view is that critically short telomeres, as somal integrity (Figure 1 ). These mechanisms restabilize well as those otherwise lacking structures dependent chromosomes and enable cells to weather crisis. upon telomere binding proteins, eventually come to reThe notion that telomere shortening and/or dysfuncsemble unprotected DNA ends that must be repaired tion limits the longevity of human cells in culture comes through end joining, frequently involving chromosome from experiments in which senescence was bypassed fusions. Replication of chromosome ends normally inby enforcing expression of the telomerase catalytic subvolves telomerase, a specialized reverse transcriptase unit (TERT) in normal diploid fibroblasts, thereby endowing them with an apparently infinite life span (Bodnar containing an RNA subunit that provides a template for 
